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ABSTRACT: Sulfur hexafluoride is widely used in power
equipment because of its excellent insulation and arc extinguishing
properties. However, severe damage to power equipment may be
caused and a large-scale collapse of the power grid may occur when
SF¢ is decomposed into H,S, SOF,, and SO,F,. It is difficult to
detect the SF4 concentration as it is a kind of inert gas. Generally,
the trace gas decomposed in the early stage of SF¢ is detected to
achieve the function of early warning. Consequently, it is of great
significance to realize the real-time detection of trace gases
decomposed from SFy for the early fault diagnosis of power
equipment. In this work, a wafer-scale gate-sensing carbon-based
FET gas sensor is fabricated on a four-inch carbon wafer for the
detection of H,S, a decomposition product of SFs. The carbon
nanotubes with semiconductor properties and the noble metal Pt are respectively used as a channel and a sensing gate of the FET-
type gas sensor, and the channel transmission layer and the sensing gate layer each play an independent role and do not interfere
with each other by introducing the gate dielectric layer Y,053, giving full play to their respective advantages to forming an integrated
sensor of gas detection and signal amplification. The detection limit of the as-prepared gate-sensing carbon-based FET gas sensor
can reach 20 ppb, and its response deviation is not more than 3% for the different batches of gas sensors. This work provides a
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potentially useful solution for the industrial production of miniaturized and integrated gas sensors.
KEYWORDS: carbon-based FET, FET gas sensor, sensing gate, trace gas detection, hydrogen sulfide

ulfur hexafluoride (SF4) is widely used as the insulating

medium of gas insulated switchgear (GIS) because of its
excellent insulation and arc extinguishing performance.'
However, partial discharge and other factors caused by GIS
insulation defects will decompose SF” and the internal
insulation performance of GIS will be degraded with the
decomposition of SFg’ resulting in damage to power
equipment and large-scale collapse of the power grid.* SFq is
an inert gas and difficult to detect.’ The usual detection
method is to detect the decomposition products of SF, such as
trace H,S, SOF,, and SO,F,, in order to achieve the function of
early fault warning.® Therefore, it is of great significance to
realize the real-time detection of trace decomposition products
of SFy for the early fault diagnosis of GIS. At present, the
technologies such as infrared absorption spectroscopy” and gas
chromatography mass spectrometry’ have been used to detect
SF¢ decomposed gas. Nevertheless, these methods have a long
detection cycle, high cost, and large volume and are
inconvenient to use. Therefore, how to conveniently conduct
rapid and real-time analysis of decomposed gas has become an
urgent problem to be solved. In contrast, the resistive gas
sensor’ is expected to be used for the detection of SF
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decomposition gas because of its simple operation,’
miniaturization,"’ low cost, and real-time monitoring.12
However, it is difficult for the resistive gas sensor to meet
the actual detection requirements of trace decomposition gas
because the electrical signal generated by trace gas is too weak
to be detected, and it is easy to be interfered by other gases.
Accordingly, it remains challenging to achieve accurate
detection of trace SF¢ decomposition products with simple
operation, real-time monitoring, and low cost.

In recent years, with the rapid development of semi-
conductor technology and micro—nano processing technology,
a field-effect transistor (FET) gas sensor'” has attracted wide
attention because of its high sensitivity,'* miniaturization,"
and ease of integration. The weak signal caused by trace gas is
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Figure 1. (a) Schematic representation of the fabrication procedure of the gate-sensing carbon-based FET gas sensor. (b) Photograph image of the
wafer-scale gate-sensing carbon-based FET gas sensor fabricated on a four-inch wafer. (c) Optical micrograph of a total of 16 gas sensor arrays
arranged in 4 X 4. (d) Further magnified optical micrograph of a sensor array with 10 gas sensors. (e) Optical micrograph of a gate-sensing carbon-
based FET gas sensor. (f) Schematic diagram of the gas sensing measurement platform.

easily detected by an FET gas sensor because of the
amplification effect of FET,'® which is expected to detect
trace SF,; decomposition products. At present, the channel
materials used in the FET mainly include single-crystal Si and
its derivatives,'” carbon nanotubes,"® graphene,19 transition
metal dichalcogenides,20 and so on. Among them, carbon
nanotubes (CNTs) are considered to be one of the most
potential nanomaterials as transistor channels due to their
outstanding advantages such as ultrasmall size, high mobility,
and extremely stable chemical properties.”' The experimental
data show that the carrier mobility of a typical silicon field-
effect transistor is 10° cm?®/(V-s) at room temperature, and
that of CNTs is up to 10° cm?/(V-s),”> which is about 100
times that of silicon. As a consequence, under the same
channel length, the higher the carrier mobility is, the larger the
transconductance, the larger the on-state current, and the faster
the speed of the device can be achieved.”” In addition, Peng et
al. proposed undoped fabrication technology of CNT CMOS
devices,”* which effectively avoids the injection of impurities in
silicon-based FET's, making the process much simpler. Zhang
et al. used undoped technology to evaporate Pd nanoparticles
on the surface of CNT films to form FET gas sensors with a
back gate structure, in which the detection limit of hydrogen
can reach 89 ppb.”® When the CNTs are directly exposed to
the target environment as a channel, it will form an interaction
mechanism with the sensing material to the target gas, and
other gases in the air will also affect the channel conduction,
resulting in the complexity of the channel conduction and the
lack of stability of the sensor.

In this work, a gate-sensing carbon-based FET gas sensor is
designed and fabricated on a four-inch wafer covered with a

random network of semiconducting CNT films. The sensor
takes a Pt film as a sensing gate without external leads. The
introduction of Y,0; as the gate dielectric layer makes the
CNT network film just as a channel, which aims to overcome
the influence caused by channel exposure. In this way, the
channel transmission layer and the sensing gate layer can give
full play to their respective advantages. It is expected that this
work can achieve accurate real-time detection of trace H,S in
SF¢ decomposition products for early fault warning of GIS and
provide a strategy for the development and application of
miniaturized and integrated gas sensor chips.

B EXPERIMENTAL DETAILS

The carbon-based wafer used in this work was obtained by depositing
randomly arranged CNTs on the surface of a four-inch Si/SiO, wafer
by immersion, and the detailed process can be referred in the work of
Zhang’s research team.”® The gate-sensing carbon-based FET gas
sensor was fabricated on a four-inch carbon-based wafer using the
following lithography-based micro—nano process technology, as
shown in Figure la. First, the source electrode (S) and the drain
electrode (D) regions were defined on a four-inch carbon-based wafer
by UV lithography (EVG-610), and Ti/Pd/Au (0.3 nm/20 nm/40
nm) was deposited as a contact electrode by electron beam
evaporation (DE400DHL) at the deposition rates of 0.1, 1, and 1
A/s, respectively. After that, a photolithography machine was used to
expose the part except the channel, and a reactive ion etching machine
(Haasrode-R200a) was used to introduce oxygen for 60 s to react
with the CNTs to etch off the excess CNTs to form a channel with a
length of 300 ym and a width of 600 ym. Third, an yttrium (Y) film
of 3 nm was evaporated on the channel at a rate of 0.1 A/s by electron
beam evaporation, and an yttrium oxide (Y,0;) film of about 5 nm
was formed by thermal oxidation at 270 °C for 30 min. Then, the
third step was repeated one more time, and a layer of Y,0; with about
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Figure 2. (a) Raman spectrum of the CNT film. FESEM images of (b) CNT film and (c) CNTs after etching. (d) EDS mapping and (e) AFM
characterization of the sensing gate layer. (f) HRTEM image of the cross section of the gate-sensing carbon-based FET gas sensor.

10 nm was formed as the gate dielectric layer of the FET. Finally, a Pt
film of S nm was sputtered on the gate dielectric layer as a sensing
gate layer at a rate of 0.33 nm/s by magnetron sputtering (DES00).
The as-fabricated wafer-scale gate-sensing carbon-based FET gas
sensor in a four-inch wafer is shown in Figure 1b, in which Figure 1c
shows a total of 16 sensor arrays arranged in 4 X 4, and each sensor
array contains 10 sensors as shown in Figure 1d. The optical
micrograph of a gate-sensing carbon-based FET gas sensor is shown
in Figure le.

The properties of CNT channels were evaluated by Raman
spectroscopy (inVia) and field-emission scanning electron microscopy
(FESEM, Sigma 500). Energy-dispersive spectroscopy (EDS, XFlash
6) and atomic force microscopy (AFM, Dimension XR) were used to
characterize the composition, surface roughness, and thickness of the
sensing gate. The structure of the sensor was also observed by high-
resolution transmission electron microscopy (HRTEM, JEM-2100).
The electrical properties of the carbon-based FETs were tested using
a semiconductor characterization analyzer (Keithley 4200A-SCS) and
a probe station (ESP1SORF). In order to improve the stability, the
sensors were aged for 10 h before the gas sensitivity test. The gas
sensing performances of the sensor were measured by the gas sensing
measurement platform composed of the gas distribution system
(DGD-VI), the test system (AES-4TH), and electrical analysis system
(SA6101), and the schematic diagram of the gas sensing measurement
platform is shown in Figure 1f. The dry compressed air (79% N, and
21% O,) and standard H,S gas (100 ppm) used in this work were
purchased from Dalian Special Gases Co., Ltd. and calibrated by a
Fourier transform infrared spectrometer (Spectrum 100). The mass
flow controllers in the gas distribution system were adopted to control
the gas flow and humidity, and the standard H,S gas was diluted into
dry compressed air to obtain the target gases with different
concentrations. The preparation process of the interfering gases
(e.g, CO, SF¢, SO,, etc.) was similar to that of the target gas. During
the whole test, we used the same response and recovery time for the

gas detection of different concentrations, which improves the
simplicity in practical application.”® Moreover, the time of introducing
air and target gas in turn was 20 and 10 min, respectively. In this
work, the sensor response value is defined as
I, - 1
Iﬂ
value of the current change when the gas sensor is exposed to the
target gas and air, respectively.””

response = X 100 (%), where I, and I, represent the maximum

B RESULTS AND DISCUSSION

In order to evaluate the quality of the CNT film, the Raman
spectrum of the CNT film (the excitation wavelength of the
laser is 532 nm) is characterized as shown in Figure 2a. The
characteristic G* and G~ peaks of CNTs near 1590 and 1570
cm™! can be seen, respectively, which come from the stretching
vibration of carbon—carbon bonds along the axial and
circumferential directions of CNTs, severally. It can be
observed that the peak shape of the G™ peak is a symmetrical
Lorentzian peak, indicating that CNTs are of semiconductor
property,”® which is the prerequisite for constructing an FET
with CNTs as a channel. In addition, the D peak near 1350
cm™! is a secondary scattering peak related to the defects, and
the ratio of the G peak to the D peak reflects the degree of
defects of CN'Ts.” The high ratio of I, /I indicates that there
are few defects in CNTs, greatly reducing the elastic scattering
process caused by defects, which ensures the good electrical
performance of the carbon-based FET. As can be seen from the
inset of Figure 2a, a narrow radial breathing mode (RBM) peak
appears at 170 cm™’, and the diameter distribution of about 1.5
nm for the CNTs is obtained according to the formula w =
248/d (nm), where @ and d are the RBM Raman shift and
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Figure 3. (a) Transfer characteristic curves of 30 carbon-based FETs. Transient response/recovery curves of the gate-sensing carbon-based FET
gas sensor (b) in the concentration range of 20—100 ppb H,S and (c) 20 repeated tests at 1 ppm H,S. (d) Schematic representation of the sensing
mechanism of the gate-sensing carbon-based FET gas sensor. (e) Transfer characteristic curve of the gate-sensing carbon-based FET gas sensor
before and after the introduction of H,S. Response values of the gas sensor toward (f) 1 ppm of different gases and (g) 1 ppm H,S with different
relative humidities. (h) Response values to 1 ppm H,S for a total of 25 gas sensors randomly selected from different fabrication batches.

diameter of the CNTs, respectively.”” In order to characterize
the morphology and distribution, the FESEM image of the
CNT film is shown in Figure 2b. It can be seen that the
randomly arranged CNTs are uniformly and densely covered
on the Si/SiO, surface to form CNT films. The uniform and
nonoriented morphology of CNT films allows us to fabricate
devices at random positions on the carbon-based wafer without
positioning the fabrication area, which greatly simplifies the
batch fabrication process of wafer-scale carbon-based FET gas
sensors, beneficial for increasing the utilization of CNTs and
reducing the processing cost. In addition, the thickness of the
CNT film is characterized by AFM, as shown in Figure S1. It
can be seen that CNTs are randomly stacked on the wafer to
form a CNT film with a thickness of about S nm. The
thickness of the CNT film is at the nanometer level, which can
prevent the CNT stack from being too thick to cause the
shielding effect between the CNTs to be prominent. In order
to prevent the leakage and electrical crosstalk between devices,
the redundant CNTs outside the channel should be etched by
reactive ion etching, and the FESEM image of the boundary
region of the CNT channel is given to verify the etching effect

as shown in Figure 2c. It can be seen that the CNTs in the
channel region on the left side are not affected after etching,
while the CNTs on the right side are etched very cleanly by
reacting with oxygen without any CNTs remaining, which
indicates that the etching process successfully forms a channel
region with controllability and accuracy. Further, the sensing
gate fabricated by photolithography combined with the
sputtering process is characterized by EDS, and its EDS-
mapping is depicted in Figure 2d. It can be found that there is
a very small amount of Pt in the region outside the sensing
gate, which is caused by the inevitable background noise in the
EDS characterization process. It can be seen from the figure
that the intensity of the characteristic X-ray of Pt on the left
side is much larger than that of the background noise, which
proves the existence of a large number of Pt elements. The
surface morphology of the sensing gate is further analyzed by
AFM, and the characterization result is shown in Figure 2e.
The thickness of the sensing gate is about 5 nm, and the
surface roughness is about 0.2 nm, indicating that the sensing
gate composed of the Pt element is of a uniform and flat
surface. It should be noted that the sharp peak near 2.5 ym in
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the figure represents the thickness of the remaining photoresist
after the stripping process, which is used to protect the sensing
gate from the leakage of S/D electrodes. In order to verify the
structure of the gate-sensing carbon-based FET gas sensor, the
HRTEM image of the cross section of the sensor is observed as
shown in Figure 2f, and the inset in the figure shows the
position of the cross section where the sensor is cut. A sensing-
gate layer with a thickness of about S nm can be observed (also
as shown in AFM), and a dielectric layer with a thickness of
about 10 nm is found under the sensing gate. From Figure S2,
the lattice fringes with the interplanar distances of 0.227 and
0.433 nm are observed in the sensing gate layer and the
dielectric layer, corresponding to the (111) plane of Pt’' and
the (211) plane of Y,0;* respectively.

A carbon-based FET gas sensor is designed and formed
based on the FET with CNTs as a channel, and the electrical
performance of the carbon-based FET plays a decisive role in
the gas sensing performance of the sensor. The good
consistency of carbon-based FETs is the premise of the gate-
sensing carbon-based FET gas sensor with gas sensing
response consistency. The transfer characteristic curves of 30
FETSs randomly selected from different areas of the whole four-
inch carbon-based wafer are shown in Figure 3a, and the circuit
connection is shown in Figure S3. Note that the gas sensing
material is used as a sensing gate without external leads for the
proposed sensor, where a gate bias cannot be applied. Hence,
the electrical performance is tested by applying different back
gate voltages (ng) from the substrate of the sensor. The test is
performed under the condition that V4 = —0.1 V; Vy,
increased from —60 to 60 V in steps of 1 V. It can be seen
from Figure 3a that the electrical properties of the 30 FETs
have good consistency. The relevant performance parameters
of the FET are extracted, which exhibit a subthreshold slope
swing of 5100 mV/dec, a transconductance of 0.11 xS, and a
threshold voltage of —3.7 V for this carbon-based FET. The
on—off ratio (I,,/I,4) of all FETs is more than 107 and the
turn-off current is less than 1 nA. The as-prepared carbon-
based FET is a typical p-channel enhancement device because
the carbon-based FET uses a high work function metal Pd (5.6
eV) as the contact electrode,” which is above the Fermi level
of the intrinsic CNTs (about 4.5 €V),”* and the Fermi level of
this metal is close to the valence band of CNTs. Therefore, it
can form a barrier-free contact to holes with the valence band
of CNTs* but form a lar§e barrier to electrons with the
conduction band of CNTs,’ resulting in the working current
mainly coming from holes. The working principle of carbon-
based FETs is as follows: the CNTs form a Schottky contact
with the S/D electrodes that has substantially no barrier height
to holes. The appropriate gate voltage is applied through the
gate to control the hole concentration in the active layer
composed of CNTs, and then, the corresponding drain-source
voltage is applied to obtain the drain-source current (I) that
changes with the gate voltage as shown in Figure 3a. In order
to determine the optimal operating temperature of the sensor
before the gas sensitivity test, the test temperature is gradually
raised from 25 to 200 °C, and the response value of the sensor
to 1 ppm H,S is recorded, as shown in Figure S4. It can be
seen that the maximum response value (97.3%) is obtained at
150 °C; consequently, the operating temperature of the sensor
is set at 150 °C. In addition, through characterizing the
thicknesses of the different gates by AFM, the influence of the
gate with different thicknesses on the performance of the
sensor is investigated as shown in Figures S5 and S6. It can be

seen that the thicknesses of the sensing gate layer are 1, 3, S, 7,
and 9 nm individually, which are consistent with the
experimental expectation in the preparation process, and the
corresponding gas sensing responses of these sensors are 43.5,
86.7, 97.3, 64.6, and 97.2%, respectively. When the thicknesses
of the gate are 5 and 9 nm singly, there is a large response value
(about 97%) to 1 ppm H,S. From a cost point of view, 5 nm is
chosen as the optimal thickness of the sensing gate layer. As
shown in Figure 3b, in order to evaluate the detection
capability of the gate-sensing carbon-based FET gas sensor for
trace H,S, the transient response/recovery curves of the I, are
measured in the concentration range of 20—100 ppb. It can be
seen that the gas sensor has a significant response to 20 ppb
H,S gas, which meets the requirements of applications such as
meat quality assessment,’’ halitosis diagnosis,”® and early
warning of electrical equipment.”” Moreover, it is also found
that the gas sensor is still unstable after H,S is introduced for a
period of time, which is mainly due to the fact that the sensor
fails to reach the dynamic equilibrium of gas adsorption and
desorption during the period of time when H,S is introduced.
Figure S7 shows the linear fitting curve of the response for the
sensor at 20—100 ppb H,S, and the linear correlation
coefficient is 0.99985, indicating that the response of the
sensor at a 20—100 ppb H,S concentration has a good linear
increase. The transient response/recovery curve of the sensor
is further tested at a higher concentration of 200 ppb—1 ppm
H,S, and the results are shown in Figure S8. It can be seen that
the variation of I, increases with the increase of H,S
concentration, and the response value reaches about 97% at
1 ppm. As shown in Figure 3¢, in order to verify the response/
recovery ability of the carbon-based FET gas sensor, 20
repeated tests are conducted on the sensor at 1 ppm H,S, and
the sensor shows stable and reliable response/recovery
behavior and the consistent response value. The variation of
I4, in 20 repeated response/recovery tests of the gas sensor is
further measured in Figure 3¢, the average variation of Iy is
calculated to be 0.87 yA as shown in Figure S9, and the
maximum deviation is 0.02 yA (2.3%).

It is well-known that the gate of a conventional FET is used
to apply a bias to regulate the current in the channel. In this
work, the gas sensing material is used as a sensing gate without
external leads, and the interaction between the sensing gate
and the target gas can cause the change in the channel current.
The detailed possible sensing mechanism is shown in Figure
3d. When the gas sensor is exposed to the target gas, the
following reactions will occur on the surface of the sensing
gate:

H,S > 2H, + S, (1)
2H, + 1O (ads) —» H,O
—0,(ads
a 2 2 2 (2)
S, + O,(ads) - SO, (3)

H,S molecules are catalytically dehydrogenated through the
sensing gate to produce hydrogen atoms and sulfur atoms on
the sensing gate (eq 1),”*' and sulfur atoms and some
hydrogen atoms react with oxygen adsorbed on the surface of
the sensing gate to produce H,O and SO,, respectively (eqs 2
and 3).** Some hydrogen atoms penetrate the sensing gate
layer™ and diffuse to the interface between the sensinﬁ gate
layer and the gate dielectric layer to form a dipole layer.” Part
of the carriers in the channel are fixed at the interface between
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the channel and the gate dielectric layer by a dipole potential,*
which leads to the decrease of the concentration of carriers
participating in the conduction in the channel, resulting in the
decrease of Iy and the shift of threshold voltage of the gas
sensor.'* Moreover, it can be seen from Figure 3e that the
interaction between H,S and the sensitive gate will shift the
transfer characteristic curve of the sensor. I, decreases
obviously, and the threshold voltage shifts to the negative
direction, which proves that the amplification effect of the FET
brings high sensitivity to the sensor. In this work, Y,0; is used
as a gate dielectric layer because it is an ideal high-x gate
material (dielectric constant is 16), and the wettability between
Y,0; and CNTs is good.46 Additionally, Y,0O; can be
uniformly grown on the surface of the CNTs without reducing
key indexes such as gate capacitance and drain current of an
FET. With the introduction of the gate dielectric layer, the
channel transmission layer and the sensing gate layer each play
an independent role and do not interfere with each other,
giving full play to their respective advantages to forming an
integrated sensor of gas detection and signal amplification,
which is the main reason that the gas sensor can detect trace
gases at the ppb level. On the other hand, the introduction of
the gate dielectric layer isolates the CNT channel from the
influence of gas molecules,” and the gas reaction process
occurs only on the sensing gate layer, which ensures the
continuous and stable amplification effect of the channel on a
gate signal, realizing the stable and reliable response/recovery
capability. To further demonstrate the effect of the Y,0; gate
dielectric layer on the sensor performance, Pt is directly
deposited on CNTs to form a channel-exposed carbon-based
FET gas sensor, which makes it similar to a chemiresistor gas
sensor. For the chemiresistor gas sensor, the electronic
interaction between the gas and the sensing material can
cause the change in the carrier number of the sensing material,
which leads to the change of the sensor current. The response
of the sensor at 1 ppm H,S is tested for S cycles, as shown in
Figure S10. The results show that the gas sensing response of
the sensor to 1 ppm H,S is about 15.6%, which is much smaller
than that of the gate-sensing carbon-based FET gas sensor.
This is mainly due to the direct participation of the channel in
the gas sensing response, which cannot achieve effective
amplification of the electrical signal. In addition, the sensor has
the phenomenon of baseline drift.

In order to verify the ability of the carbon-based FET gas
sensor to identify the target gas in the application environment,
further investigations are performed on the selectivity,
antihumidity interference ability, and long-term stability."’
The response of the carbon-based FET gas sensor toward 1
ppm of different gases is shown in Figure 3f. The sensor shows
a better response to H,S, which means that the gas sensor has
better selectivity to H,S. The antihumidity ability is commonly
used as another important parameter to evaluate the
performance of gas sensors, and Figure 3g shows the response
of the carbon-based FET gas sensor to 1 ppm H,S with
different relative humidity conditions. It is observed that the
response value of the gas sensor decreases slightly with the
increase of humidity in the range of 10—90% relative humidity.
The average response value of the same sensor is about 74.5%
at different relative humidities, and the maximum response
deviation of the same sensor is 4.7% at different relative
humidities, which confirms that the proposed gate-sensing
carbon-based FET gas sensor is of good antihumidity
interference. Figure S11 shows the long-term stability of the

sensor toward 1 ppm H,S within 40 days. The response value
of the gas sensor is reduced by 10% from 97%, and it still has a
high response (87%) to H,S after 40 days, proving that the as-
prepared gas sensor has the ability to work stably for a long
time. On the other hand, in order to further verify the
reliability and uniformity of the fabrication process for the
wafer-scale carbon-based FET H,S sensor, five carbon-based
FET gas sensors are randomly selected from different
fabrication batches for gas sensing measurement, and the
results are shown in Figure 3h. The response deviation of the
gate-sensing carbon-based FET gas sensors from the different
batches is not more than 3%, and the good consistency
between different batches of gas sensors makes it possible to
realize the industrial production of the sensor.

B CONCLUSIONS

In this work, the gate-sensing carbon-based FET gas sensor is
proposed for the trace H,S from the decomposition of SF
detection, which can achieve the wafer-scale fabrication in a
four-inch wafer. A gate dielectric layer composed with Y,Oj is
introduced in the gate-sensing carbon-based FET gas sensor,
which makes the channel transmission layer and the sensing
gate layer each play an independent role and do not interfere
with each other, giving full play to their respective advantages
to form an integrated sensor of gas detection and signal
amplification. The as-prepared gas sensor can realize the
detection of trace H,S with a detection limit of 20 ppb and
shows stable and reliable response/recovery behavior. The
maximum deviation of the change of Iy is 0.02 pA (2.3%) in
20 repeated response tests. The sensor also has good
antihumidity interference and long-term stable operation,
with a maximum deviation of about 4.7% in the relative
humidity range of 10—90%. In addition, the fabrication process
of the sensor has good compatibility with the traditional
CMOS processing technology, and the wafer-scale batch
fabrication of the sensors ensures the consistency of the
sensing performance. The response deviation of the gate-
sensing carbon-based FET gas sensors from the different
batches to H,S is not more than 3%. It is expected that this
work will provide approaches for the development and
application of wafer-scale sensor chips for trace gas detection.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssensors.3c00653.

AFM characterization of the thickness of the CNT film
(Figure S1), HRTEM image of the sensing gate layer
and the dielectric layer (Figure S2), schematic diagram
of the circuit connection for the electrical performance
measurement (Figure S3), response values of the gate-
sensing carbon-based FET gas sensor at different
operating temperatures (Figure S4), AFM character-
izations of the sensing gate layer with different
thicknesses (Figure SS), response values of the gate-
sensing carbon-based FET gas sensor with different
thicknesses of the gate (Figure S6), linear fitting curve of
the response for the gate-sensing carbon-based FET gas
sensor at 20—100 ppb H,S (Figure S7), transient
response/recovery curves of the gate-sensing carbon-
based FET gas sensor at 200 ppb—1 ppm H,S (Figure
S8), variation of I in 20 repeated response/recovery
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tests of the gate-sensing carbon-based FET gas sensor at
1 ppm H,S (Figure S9), transient response/recovery
curves of the channel-exposed carbon-based FET gas
sensor at 1 ppm H,S (Figure S10), and response values
of the gate-sensing carbon-based FET gas sensor toward
1 ppm H,S within 40 days (Figure S11) (PDF)
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